Additional information regarding the continuity and resolution of selected seismic reflectors in reverse time migration (RTM) images can be beneficial for seismic interpretation. We have developed and evaluated new imaging conditions for RTM based on the phase coherence between the forward-and backwardpropagated wavefields. These imaging conditions make use of the instantaneous phase and envelope of the analytical signals of the source and receiver wavefields, in addition to their real parts. Once the analytical wavefields are available, these imaging conditions can be calculated simultaneously with conventional conditions at little or no extra cost. The availability of these fields at each image point enables several alternative ways to define imaging conditions. We explore, in addition to pure phase crosscorrelation (PC), two approaches of amplitude-weighted PC. Our numerical experiments, imaging synthetic and field data sets, indicate that these new imaging conditions provide additional images that can highlight some weak reflectors by locally improving the resolution of RTM images. In our examples, this happens particularly in the deep portions of the seismic images. In addition, reflection events produced at discontinuities are enhanced as sharp signals, suggesting that the proposed imaging conditions can help to delineate stratigraphic and structural features that are harder to see in conventional images. These properties of the PC imaging conditions make them an interesting tool to provide additional information that can aid seismic interpretation in complex structural settings.
INTRODUCTION
Reverse time migration (RTM) has become the method of choice for seismic imaging in complex geologic settings (Zhang and Sun, 2009) . The capability of imaging without dip limitations and the absence of shadow zones have pushed its development. In addition, with a proper change in the boundary conditions for the forwardpropagated wavefield, it is possible even to obtain true amplitude angle-domain common-image gathers (Zhang and Sun, 2009; Yan and Dickens, 2016) . RTM images are currently viewed as the most faithful pictures of the earth's subsurface, and there is an increasing demand from interpreters for images showing more stratigraphic details (Etgen et al., 2009) . Recent advances in RTM technology have focused on improving efficiency and image quality. The reduction of backscattering noise in RTM has been achieved with postimaging filtering or through modified imaging conditions (Shen and Albertin, 2015; Wang et al., 2016; Du et al., 2017; Moradpouri et al., 2017) . Other new imaging conditions can produce amplitude compensations or obliquity corrections, separate events based on their local space-time slope, and reduce backscattered noises (e.g., Guitton et al., 2007; Sava, 2007; Zhang et al., 2007; Chattopadhyay and McMechan, 2008; Schleicher et al., 2008; Costa et al., 2009) .
Amplitude-correct images have gained much importance in interpretation. However, sometimes additional, purely stratigraphic images, independent of seismic amplitude information, can be helpful, too. They can allow us to follow reflections, particularly in the deep Manuscript received by the Editor 5 December 2017; revised manuscript received 1 March 2018; published ahead of production 19 March 2018; published online 6 June 2018. 1 portions of the seismic images, where amplitude information may become unreliable. In this work, we propose several variations of a new, purely phase-based imaging condition that aims at enhancing stratigraphic and structural features in RTM seismic images. The new imaging conditions require the propagation of the analytical signal of the source and receiver wavefields instead of the usual real wavefields. As a consequence, we have, at each image point, the amplitude and phase fields of the source and receiver wavefields at our disposal. This allows for the use of phase crosscorrelation (PC) (Schimmel, 1999) to complement the classical crosscorrelation (CC) through new mixed imaging conditions. It is important to note that the availability of the analytical wavefields can be used to decompose them into upward-and downward-propagating components (Shen and Albertin, 2015; Wang et al., 2016) . In this case, the PC-based imaging conditions can be calculated in addition to conventional imaging conditions at almost no additional cost. The propagation of analytical instead of real wavefields is, at most, twice as expensive.
PC measures the coherence of instantaneous phases (e.g., Bracewell, 1965) , and it is explicitly amplitude unbiased. It is determined by the number of phase-coherent time samples. Therefore, it has the potential to enhance weak locally coherent events that would be hard to recognize in a CC image; this is the motivation to use PC in an RTM imaging condition. Our numerical experiments, imaging synthetic and field data sets, show that the new imaging conditions using PC indeed improve the resolution of weak-amplitude events in RTM images. In addition, reflection events produced at discontinuities are enhanced as sharp signals, suggesting that the proposed imaging conditions help to better delineate stratigraphic and structural features.
METHODOLOGY Phase crosscorrelation
PC is based on analytic-signal theory. Therein, a complex trace SðtÞ ¼ sðtÞ þ iH½sðtÞ is constructed from the real time series sðtÞ and its Hilbert transform
The Hilbert transform functions as a π∕2-phase rotator to compute the orthonormal time series of sðtÞ. The analytic signal is a unique time-dependent representation of the real-valued recorded seismic trace sðtÞ in the complex domain. It is often expressed by means of an envelope function A S ðtÞ and an instantaneous phase φ S ðtÞ; i.e., SðtÞ ¼ A S ðtÞ exp½iφ S ðtÞ. The instantaneous phase characterizes the waveform complexities as a function of time and has been used to design the phase stack (Schimmel and Paulssen, 1997) , an amplitude-unbiased phase-coherent measure based on the sum of phasors exp½iφ S ðtÞ. Let SðtÞ and RðtÞ be two analytical signals associated with two time series sðtÞ and rðtÞ, respectively, with envelopes A S ðtÞ and A R ðtÞ and instantaneous phases φ S ðtÞ and φ R ðtÞ. In an analogy to CC, PC between SðtÞ and RðtÞ at time lag τ in a time window ½t 0 ; t 0 þ W is defined as 
substitutes the product Φ τ ðtÞ ¼ sðt þ τÞrðtÞ appearing in CC. Above, W is the correlation window length and ν is a heuristic parameter that permits tuning of the sensitivity of the phase stacks. According to Schimmel and Paulssen (1997) , this parameter permits the tuning of the transition between more and less coherent signals; i.e., a higher ν value leads to stronger attenuation of less correlated signals and, thus, helps to better highlight phase-coherent signals. For instance, Tanaka (2005) uses the phase stack with ν ¼ 100 to attenuate side lobes in array responses to enable a less ambiguous detection of weak amplitude signals from the core of the earth. Phase correlation works as follows. When two time series present a high waveform similarity with the same polarity around lag τ, their phasors are approximately equal, φ R ðtÞ ≈ φ S ðt þ τÞ, so that expression 3 reduces to Ψ τ ðφ S ðtÞ; φ R ðtÞ; νÞ ≈ 1 2 ν ½j2 expfiφ R ðtÞgj ν − 0 ¼ 1; (4) whereas for reverse polarity, φ R ðtÞ ≈ −φ S ðt þ τÞ, resulting in Ψ τ ðφ S ðtÞ; φ R ðtÞ; νÞ ≈ 1
On the other hand, for two time series that do not present a waveform similarity around lag τ, PC (equation 2) represents a sum over the sine and cosine functions, whose integral approximately vanishes if the window is sufficiently large. In summary, PC is a real-valued functional that measures anticorrelated and correlated waveform similarity between −1 and 1, in full analogy to a normalized version of CC. Note that because PC is actually a correlation of phasors, there are no problems with phase wrapping. For further details, please refer to Schimmel and Paulssen (1997) or Schimmel (1999) . PC has been successfully applied in seismic interferometry studies, in which it improves the extraction of small signals (Schimmel et al., 2011) for monitoring or imaging. The monitoring studies benefit from the amplitude-unbiased approach through a fast convergence to a stable medium response and consequently improved time resolution (e.g., D'Hour et al., 2015) . In seismic imaging studies, PC has been used mainly for signal extraction, such as coda phases, to map upper mantle discontinuities (Bonatto et al., 2015) and empirical Green's functions for global ambient noise tomography (Haned et al., 2015) . Gaudot et al. (2015) take advantage of PCs statistical properties to detect and image a noise source. To our knowledge, PC has not been used before to build RTM imaging conditions.
According to Schimmel (1999) , PC shows higher sensitivity to coherence than CC, regardless of the event amplitude. This observation is in good qualitative agreement with the known fact that instantaneous phase, when used as a seismic attribute, shows finer layering details and improved reflection continuity (Barnes, 2007) .
PC imaging conditions
Let p S ðx; tÞ and p R ðx; tÞ denote the forward-propagated source wavefield and the backward-propagated receiver wavefield, respectively. Then, any imaging condition in RTM relies on the assumption that, for each shot, events in p S ðx; tÞ and p R ðx; tÞ should coincide in space and time at every scattering point in the subsurface (Claerbout, 1971) . Given a migration velocity field consistent with the data, this condition can focus reflections and diffracted events at their correct position. The classical implementation of this assumption is a crosscorrelation; i.e.,
where I CC ðxÞ represents the seismic image at a subsurface point x, calculated using Claerbout's classical RTM imaging condition, and where T is the maximum recorded time. This original imaging condition has been revised by several authors aiming to improve the quality of RTM images (Yoon and Marfurt, 2006; Guitton et al., 2007; Zhang et al., 2007; Schleicher et al., 2008; Costa et al., 2009) . Their contributions provide amplitude correction, reduction of the backscattered noise, better illumination compensation, and obliquity factor corrections. For comparison, we also use in this work the version of Guitton et al. (2007) ,
which provides an amplitude correction by illumination compensation. Here, h·i represents a local averaging operation in a small window around position x. This averaging was proposed by Guitton et al. (2007) to stabilize the division, because some points x in the image may be poorly illuminated. If a different look at the subsurface properties is desirable, PC can be used to focus RTM images with enhanced seismic-phase information and without seismic-amplitude dependence. In that case, it is necessary to propagate the analytical signals P S ðx; tÞ and P R ðx; tÞ associated with the source wavefield p S ðx; tÞ and the receiver wavefield p R ðx; tÞ into the subsurface. For this purpose, one needs to add the Hilbert transform of the real wavefields as an imaginary part and then proceed with the chosen propagation algorithm applied to the complex wavefields. Then, at every time frame t and at every position x in the subsurface, the complex fields P R ðx; tÞ ¼ A R ðx; tÞ exp½iφ R ðx; tÞ (8) and P S ðx; tÞ ¼ A S ðx; tÞ exp½iφ S ðx; tÞ (9) are available. With this information, the simplest PC-based imaging condition is to stack over the zero-lag version of PC in equation 2; i.e.,
PCðτ ¼ 0; T; P R ðx; tÞ; P S ðx; tÞ; νÞ
where N S denotes the number of shots. Imaging condition 10 does not contain any seismic amplitude information at all and will show all coherent events in the seismic image with comparable amplitudes, including all migration artifacts. This may lead to an image that is rather hard to interpret. Therefore, we also tested several possibilities to include the seismic amplitudes as weights in imaging condition 10, so as to favor seismic signals over artifacts. Several alternative imaging conditions can be conceived of, which make use of the two real wavefields p S ðx; tÞ and p R ðx; tÞ and the four analytical fields A R ðx; tÞ, φ R ðx; tÞ, A S ðx; tÞ, and φ S ðx; tÞ. The two most straightforward ideas are the amplitude-weighted PC imaging condition:
and the envelope-weighted PC imaging condition: 
Note that the denominators in equations 11 and 12 normalize the weights in the numerators, so as to keep the image amplitudes at different image points comparable. Because the denominators involve the amplitudes of the source and receiver wavefields, there is practically no risk for them to vanish. Therefore, no need to stabilize the divisions in equations 11 and 12 arose in our numerical examples.
The amplitude-and envelope-weighted PC imaging conditions I p PC ðxÞ and I A PC ðxÞ are weighted averages of the zero-lag PC integrand Ψ 0 ðφ R ; φ S ; νÞ, with weights making use of seismic amplitude information. For I p PC ðxÞ, the weights are composed of the moduli of the real wavefields, whereas for I A PC ðxÞ, the weights are determined by the analytical envelope amplitudes. It must be stressed that the weights do not carry any phase information, but they are designed to attenuate coherent low-amplitude migration artifacts. In addition to the unweighted PC imaging condition of equation 10 and these two weighted versions, we tested several other versions, none of which produced results as good as these.
NUMERICAL EXPERIMENTS Marmousi data
To investigate the properties of these new imaging conditions on RTM images, besides the effect of parameter ν, we performed numerical experiments using the Marmousi data set. As a reference for comparison, we use the CC images obtained with equation 6 and its illumination-compensated version, equation 7.
For our numerical tests in the 2D acoustic approximation, we compute the analytical solution of the acoustic wave equation using a finite-difference scheme of second order in time and 14th order in space. To reduce numerical dispersion and numerical anisotropy, we optimized the spatial operators according to Holberg (1987) . The efficiency of the analytical-wavefield propagation can be further improved using the prescriptions of Pestana and Revelo (2017) .
The migration velocity model (Figure 1b) is a smoothed version of the Marmousi velocity model (Figure 1a) sampled on a uniform grid with 12 m interval. The RTM images were computed with a Ricker source wavelet with peak frequency equal to 12 Hz. The averaging operation in equation 7 is computed using a 5 × 5 square box around each imaging point. Figure 2 shows the CC reference images with and without illumination compensation (conditions I CC ðxÞ in equation 6, and I ic CC ðxÞ in equation 7). To allow for a comparison of the pure effect of the imaging conditions, we have refrained from applying any filters that could be used in all images to reduce the low-frequency backscattering noise. Figure 3 shows the image produced using the PC imaging condition (condition I PC ðxÞ in equation 10) with ν ¼ 100. In spite of the somewhat unstable first impression of the latter image, closer inspection reveals some interesting features, particularly in the deeper part of the image. For example, the geometry of the anticlines less than 2 km depth (see the rectangle labeled A in Figures 2b and 3) is more easily recognizable. In addition, some stratigraphic features are enhanced, such as, for instance, the bedding structures around depth 1.25 km at position 4 km (rectangle B) and around depth 1.25 km at position 8 km (rectangle C).
The rather unstable aspect of the image in Figure 3 is caused by the fact that the PC-based imaging condition of equation 10 is completely amplitude independent. As a result of this amplitude insensitivity, migration artifacts with low amplitudes in the reference images of Figure 2 are amplified. Moreover, the low-frequency backscattering is stronger than in the reference images. Apparently, this noise is perceived as coherent by the phasors in equation 10 and thus also enhanced. Overall, we conclude that although it enhances these kinds of undesirable effects, a PC-based imaging condition can be useful to highlight structures that might be missed in a conventional image.
To take advantage of the high sensitivity of the PC imaging condition while improving the robustness regarding artifacts, we studied the amplitude-and envelope-weighted PC imaging conditions given in equations 11 and 12. The resulting images using ν ¼ 100 are shown in Figure 4 . These images are indeed easier to interpret because most of the undesirable artifacts present in Figure 3 are strongly attenuated. However, the better stratigraphic quality of the structures mentioned above (rectangles A, B, and C) is preserved.
When compared with Figure 2 , we may even say that the weighted-PC RTM images present higher resolution. This is corroborated by the 2D Fourier spectra shown in Figure 5 , which show extended areas with nonzero contributions in the spectra of the weighted PC images. Figure 5d compares the areas covered by these spectra with amplitudes that are higher than half a percent of the peak amplitude. Clearly, the spectra of the weighted PC images retain higher wavenumbers than the CC image, with the amplitude-weighted PC image covering the largest area. We notice a pronounced effect in the vertical direction, indicating a higher resolution and sharper representation of discontinuities in this direction. The slight slant of all three spectra indicates the prominent overall dip direction in the Marmousi model.
In the weighted PC images of Figure 4 , we recognize some are as with improved resolution of subtle stratigraphic and structural features. Figure 6 shows magnifications of three of these areas, where improvements are most prominent, and compares them with the velocity and reflectivity models. The areas shown in the left, middle, and right columns of Figure 6 correspond to the rectangles labeled L, M, and R, respectively, in Figures 1a, 2b , and 4.
The magnifications in the left column of Figure 6 show that the dipping layers, composing the left flank of the anticline less than Some structural features are also enhanced. For example, the strata truncations against the fault plane, at approximately 1 km depth and position 6 km (rectangle M, middle column in Figure 6 ), are more evident in the weighted-PC RTM images than in the reference image. As a final example of the resolution increase, observe that around the target region at approximately 2.5 km depth and position 7 km (rectangle R, right column in Figure 6 ), the reflectors in the reservoir region at the top of an anticline and below a truncation subhorizontal surface are more easily seen in the weighted-PC RTM images than in the reference image.
The differences between the two weighted-PC images (Figure 4 ) are rather subtle. On the one hand, the envelope-weighted PC imaging condition (Figure 4b ) appears to better delineate the fault and the stratigraphic geometry around the fault corners in the depth interval 0-1 km and position 5-7 km (white arrows) than its amplitude-weighted counterpart. A possible explanation is that the envelope weight imposes better stability on the PC imaging condition, because the envelopes present smoother variations than the amplitudes. On the other hand, the amplitude-weighted PC imaging condition (Figure 4a) in the lower corners of the image (black arrows) and brings out the finely layered dipping structures below the salt intrusion in rectangle L (superimposed on a horizontal artifact that is visible in all images).
Sensitivity parameter
The actual value of parameter ν is not very critical to the migrated result. We observe that increasing the value of ν promotes a slightly enhanced sharpness in the images resulting from equations 11 and 12. For comparison, we show in Figure 7 the amplitude-weighted PC RTM image obtained with ν ¼ 1 in equation 12 (compare with Figure 4a ). Because the resolution is slightly better in Figure 4a , we chose ν ¼ 100 in our other numerical tests.
APPLICATION TO A FIELD DATA SET
As a next step, we tested the proposed PC-based imaging conditions on a field data set from a seismic line of a 2D land survey in the Solimões Basin (Amazon, Brazil) acquired in 1984 as part of an exploratory program. Survey parameters were 50 m source and receiver sampling, 241 sources, 96 channels in split-spread configuration, 3 s recording time, 4 ms sampling interval, and 8-90 Hz field bandpass. The seismic data have a low-fold stack (maximum equal to 48). In the surveyed area, there are two major problems for seismic processing. The first one is caused by a low-velocity zone, which makes it difficult to perform adequate static corrections. The second problem is caused by a relatively shallow basalt sill, which makes it difficult to obtain a good seismic image beneath it. As a consequence of both problems, a low signalto-noise ratio is attained for the seismic events below the basalt sill. The amplitude equalization achieved by RTM with PC-based imaging conditions makes it a natural candidate in the attempt to enhance the seismic events in the deep portions of the image, below the basalt sill.
Before applying RTM, the seismic data are processed according to the following flow: static correction, geometric spreading correction, amplitude correction to equalize the lateral spatial variation of the traces, spiking deconvolution, spectral balancing, residual static correction (trying to better correct relatively high-frequency discontinuities), mute (on surface head waves), Radon transform (to interpolate missing traces), and band-pass filtering (10-60 Hz).
The RTM depth velocity model was built from a time migration velocity model through time-todepth conversion using vertical rays. The model is represented on a uniform mesh with 6.25 m sampling interval. The source pulse is a Ricker wavelet with a peak frequency of 20 Hz, which reasonably approximates the true wavelet observed in the data. we refrain from removing low-frequency backscattering noise in all images to only visualize the effect of the imaging conditions.
We note that in this field-data example, the amplitude-and envelope-weighted PC images are very similar, even more so than in the synthetic-data example. All existing differences are extremely subtle and have no significance regarding the quality of the images. For this reason, we restrict the following discussion to a comparison between the CC and the amplitude-weighted PC images. To better visualize the differences between these two images, we present them in Figure 9 using a different visualization method, which uses an amplitude-volume processing technique adapted from Bulhões (1999) . See also Bulhões and Amorim (2005) and Vernengo and Trinchero (2015) . Our version consists of a −π∕2 phase rotation applied in the frequency domain to the modulus of each trace.
The CC and PC images show strong-amplitude reflection events at approximately 1 km depth, representing a shallow basalt sill. Below the sill, there are several differences between the two images. We have selected three areas where these differences are most prominent. They are highlighted by rectangles labeled 10, 11, and 12 in Figures 8 and 9, and Figures 10, 11, and 12 show the respective magnifications.
The most visible of these differences occurs at less than 2.5 km depth (see rectangle labeled 10 in Figures 8 and 9 , magnified in Figure 10 ), where the PC image (Figure 9b ) shows significantly enhanced amplitudes over the CC image (Figure 9a ). In this way, the interpretation of reflectors at approximately 3 km depth in the distance interval 7-15 km becomes possible. In this deeper portion of the sections, the stratigraphic and structural features are hardly recognizable in the CC image (Figure 10a ), but they are much better interpretable in the PC image (Figure 10b ).
Another prominent example is constituted by the subvertical faults at approximately 3 km depth and between horizontal positions 3 and 7 km (rectangle 11, magnified in Figure 11) . A possible interpretation of this portion of the section as composing a kind of "pull-up" geometry, limited by reverse faults, is much more easily justified in the PC image (Figure 11b ) than in the CC image (Figure 11a) . It is to be stressed that the existence of reverse faulting is in accordance with the known geology of the area (Barata and Caputo, 2007; Ribeiro and Lima, 2007) .
Even above 2.5 km depth, where the CC and PC images have similar quality, they show different aspects of the same structures. For example, in the heavily faulted region between positions 7 and 10 km (rectangle 12, magnified in Figure 12 ), certainly an interpreter would be more confident to locate the fault planes and infer the relative offsets with the additional information of the PC image (Figure 12b ) at hand than using just the CC image (Figure 12a ) because several events are more easy to follow in the PC image. 
DISCUSSION
The PC imaging conditions presented in this work rely on the availability of the analytical signals of the source and receiver wavefields. Although the numerical propagation of the analytical signals is slightly more expensive than of their real counterparts, their knowledge is desirable for other purposes as well. For example, they can be used to decompose the wavefields into up-and downgoing constituents, which allows for the correlation of selected components to reduce backscattering (Shen and Albertin, 2015 ). An efficient procedure for the analytical-wavefield propagation has been proposed by Pestana and Revelo (2017) . In this work, we have refrained from applying wavefield separation because we wanted to compare the PC imaging conditions with (real) crosscorrelation, which does not allow for this kind of decomposition.
Our main result is that the PC-based imaging conditions can help to improve the resolution and visibility of weak reflections, particularly in deeper regions of the model. This is in agreement with the findings of Schimmel (1999) , who observes that PC shows higher sensitivity to coherence than CC regardless of the event amplitude, and of Barnes (2007) , who notes that instantaneous phase as a seismic attribute produces finer layering details and improved reflection continuity. In fact, Barnes (2007) points out that the instantaneous phase carries no amplitude information at all and, in this sense, acts like a kind of perfect automatic gain control, completely equalizing the amplitudes.
For this reason, PC-based imaging conditions can help to enhance weak-amplitude but phase-coherent events in the seismic image. This explains why in our examples, its most visible effect occurred in deeper regions, where geometric-spreading effects are strongest. Accordingly, in our real-data example, the main impact of the PC-based imaging conditions could be observed in the subbasalt portion of the image. We strongly believe that the biggest asset of the new imaging conditions is improved reflector visibility in poorly illuminated parts of the subsurface, particularly in problematic zones such as subsalt or subbasalt, where imaging remains a challenge.
CONCLUSION
CC and PC are independent approaches that provide complementary focusing criteria for RTM. Both PC and full-waveeld CC show maxima whenever there is waveform similarity, that is, whenever the migrated wavefields coincide in space and time at a scattering point in the subsurface. However, the phase coherence is sensitive just to waveform changes (and insensitive to waveform amplitude). Because of these properties, its inclusion into RTM can provide interesting additional information in the migrated images. Our numerical experiments on synthetic and field data indicate that the use of PC-based imaging conditions can lead to a refinement of the detected reflectors, allowing for increased resolution and reflector visibility, particularly in the deeper portions of the seismic images. In addition, the resolution gain can also help to enhance stratigraphic and structural features. In this way, the new imaging conditions can be instrumental to seismic interpretation.
The purely PC-based imaging condition is sensitive only to instantaneous phase changes and does not depend on the reflection amplitudes. This may lead to an enhancement of migration artifacts. Amplitude-weighted variations of this imaging condition preserve the desired properties of improving resolution while avoiding the enhancement of migration artifacts.
The PC-based imaging conditions can be computed simultaneously with conventional imaging conditions, once the analytical signals of the source and receiver wavefields have been propagated. Although this increases the cost of RTM by, at most, a factor of two, the additional cost is justified by the additional information obtained by the computation of several images with different imaging conditions in a single run. Moreover, the analytical wavefield can be used to decompose the involved wavefields into their up-and downgoing components, allowing for the simultaneous calculation of further additional imaging conditions, e.g., to reduce backscattering noise.
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